These authors contributed equally to this work Background: Metallo-β-lactamase-producing Pseudomonas aeruginosa (MBL-PA) are important causative agents of nosocomial infections and are associated with significant mortality rates, especially in intensive care units. The timely detection and typing of these strains is essential for surveillance, outbreak prevention and antibiotic therapy optimization. In this study, fifteen VIM-type and fifteen SPM-type MBL-PA strains were selected as strains to establish MALDI-TOF MS SuperSpectra. Methods: This study was undertaken to evaluate the utility of matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) with the VITEK MS plus system in the detection of VIM-and SPM-type MBL-PA isolates. For each species, we increased the reference spectra, and then, a SuperSpectrum was created based on the selection of 39 specific masses. In a second step, we validated the SuperSpectra with the remaining 50 isolates (25 isolates of VIM-type and 25 isolates of SPM-type). Results: Fifty MBL-PA strains were used as the validation strains, including twenty-five VIM-type and twenty-five SPM-type MBL-PA strains. Complete antimicrobial susceptibility testing and genotypic characterizations were performed for all isolates, which were subsequently identified using the newly created SuperSpectra databases following a previously reported method. The results showed that there was 92% agreement between the MBL profile generated by MALDI-TOF MS and that obtained using gene sequencing analysis methods. Conclusion: MALDI-TOF MS is a promising, rapid and economical method for detecting VIM-or SPM-type MBL-PA that could be successfully introduced into the routine diagnostic workflow of clinical microbiology laboratories.
Introduction
In recent years, metallo-β-lactamase-producing Pseudomonas aeruginosa (MBL-PA) have become an increasing health care problem worldwide. [1] [2] [3] MBL-PA are important etiological agents of hospital-acquired infections (HAI), which cause significant mortality, particularly among patients in intensive care units (ICU). 4 An increase in drugresistant P. aeruginosa isolates, especially MBL-PA isolates, has occurred with the widespread use of antibiotics, posing great challenges to clinical anti-infective therapy. 5 At present, the imipenem-EDTA double-disk synergy test is primarily used by laboratories to screen for MBL-PA isolates. The limitation of this method is that it can easily lead to false-positive or false-negative results. 6 In addition, the gene sequencing analysis method can also be used to detect MBL-PA isolates. However, because this method is time consuming and complex, it is only useful and practical for retrospective studies and not for rapid clinical detection. The timely detection and typing of these strains is essential for surveillance purposes to prevent outbreaks and optimize antibiotic therapy. 7 Therefore, there is an urgent need for a new quick and accurate detection method to prevent and control the spread of MBL-PA.
Matrix-assisted laser desorption/ionization time-offlight mass spectrometry (MALDI-TOF MS) is a rapid method for analyzing biological samples that has been widely used for the soft ionization of microbial-specific ribosomal proteins. [8] [9] [10] Based on a database of specific protein fingerprints constructed from many microorganisms, microorganisms can be rapidly identified by MALDI-TOF MS. Compared with conventional techniques, the advantages of this method include rapidity, cost-effectiveness, accuracy and suitability for the highthroughput identification of bacteria. 7, 8, 10 However, taxonomic and genetic relatedness discrepancies on the species and biovar level complicate the development of detection and identification assays. 11 The aim of this study was to use MALDI-TOF MS to distinguish between VIM-and SPM-type MBL-PA clinical isolates. Therefore, SuperSpectra were generated using strains that represent the known genetic VIM-and SPMtype MBL-PA strains according to Saramis software of the VITEK MS RUO (research-use-only) system. Subsequently, the SuperSpectra were evaluated using fifty MBL-PA strains, including twenty-five VIM-type and twenty-five SPM-type MBL-PA strains.
Materials and methods

Bacterial isolates
A total of 80 MBL-PA clinical isolates were collected from Daping Hospital, Army Medical University. A complete antimicrobial susceptibility testing analysis was performed for all isolates using a VITEK-2 Compact (GN-13 card) instrument (bioMerieux, France). Among these isolates, fifteen VIM-type MBL-PA strains and fifteen SPMtype MBL-PA strains were selected as the strains to establish SuperSpectra. The remaining twenty-five VIMtype MBL-PA strains and twenty-five SPM-type MBL-PA strains were used as the validation strains, which had been identified using the MBL phenotype screening methods and commercial identification systems, including the API (API 20E) and VITEK-2 Compact (GN card) systems (bioMerieux, France). All strains were obtained from various clinical patient samples collected from 2014 to 2017. The P. aeruginosa ATCC27853 strain stored in Daping Hospital was used as a negative-control strain. The VIMand SPM-type MBL-PA strains from the Children's Hospital of Chongqing Medical University were used as positive-control strains. Culturing and analysis of MBL-PA isolates was performed in a biosafety level two-plus mycobacteriology laboratory in Daping Hospital following biosafety level two-plus precautions.
Identification of isolates by gene sequencing analysis
A genotypic characterization was performed for all isolates. The MBL gene sequencing analysis was used as the gold standard, and all the isolates were used as templates to amplify the MBL gene. The PCR assays were performed to amplify the sequences of the VIM and SPM bla genes as previously described, using the primers described by Dong et al. 2, 10, 12 The PCR products were purified using a 3S spin PCR product purification kit (Shenergy Biocolor, China), and the sequences were searched against the GenBank database using the BLAST algorithm (http://www.ncbi.nlm.nih.gov/blast).
MALDI-TOF MS
Sample preparation
All isolates were inoculated onto sheep blood agar and incubated in 5% CO2 at 37°C for 24 h. The sample preparation methods, interpretation of the results and quality control strains were previously described. 8, 9 Briefly, two or three colonies were transferred to a 1.5 mL EPikote tube containing 300 µL water and 900 µL 70% ethanol. After incubating for 30 s, 50 µL of 70% formic acid and 50 µL of acetonitrile were added. The suspensions were centrifuged at 13,000 rpm for 2 min, after which 1.0 µL of each supernatant was applied to a 48spot polished-steel target plate (bioMerieux, France) and dried. One microliter of a saturated α-cyano-4-hydroxycinnamic acid matrix solution (bioMerieux, France) was applied to each sample, which was allowed to dry before loading into the MALDI-TOF MS instrument.
MALDI-TOF MS acquisition
Protein mass fingerprints were obtained using the MALDI-TOF MS plus mass spectrometer and were within a mass range of 2000 to 20,000 Da with a tolerance of 0.08%. For each target slide, Escherichia coli ATCC8739 was used for instrument calibration according to the protocol of the manufacturer. After the spectrum acquisition, the data were transferred from a VITEK MS acquisition station to the Saramis analysis server. The data are reported as the number of peaks and the highest-level matches compared to those for the Saramis 4.14 RUO database.
Cluster analysis of VIM-and SPM-type MBL-PA using the VITEK MS plus system
For the first stage of this study, we sought to determine whether there were unique peaks between VIM-and SPM-type MBL-PA as previously described using the VITEK MS plus system. A clustering analysis of VIM-and SPM-type MBL-PA was performed using the Saramis 4.14 RUO database to show the different peaks for each subspecies (Figure 1 ).
Selection of reference spectra
Because the VIM-and SPM-type MBL-PA were not listed in the current RUO Saramis database, we created two new reference spectra for each group. New folders of subspecies were added under the original P. aeruginosa species in the spectral taxonomy tree, and then the imported spectra were pasted into the respective subspecies folders. To be selected, a reference spectrum needed to have a mass number between 100 and 200 and have more than 70% of common masses with other spectra from the same species. Moreover, to be chosen, spectra for the same considered isolate needed to have more than 70% homology. These criteria were recommended by the manufacturer (bioMerieux, France).
Creation of superspectra
To create the SuperSpectra, we first imported the reference spectra data. Next, the SuperSpectra were created on the basis of the selection of protein masses specific to VIM-and SPMtype MBL-PA. First, we identified the overlapping masses between the VIM-and SPM-type MBL-PA. To avoid overlapping masses, we first created an exclusion list ( Figure 2 ), after which we cluster-analyzed the 30 genetically confirmed MBL-PA isolates collected from Daping Hospital using the VITEK MS plus system. Finally, we chose 39 specific masses to create the SuperSpectra (Table S1 ) based on comprehensive factors, such as the number of consensus peaks and peak intensity. For each subspecies, SuperSpectra were created on the basis of the selection of the protein masses specific to the considered subspecies, which were compared with all the peaks in the Saramis database. A greater or lesser weight was assigned for each of the selected masses depending on the number of matches for the first non-target subspecies. Finally, the SuperSpectra were activated for subsequent automated identification at the subspecies level.
Identification of isolates with the VITEK MS plus system
To assess the capability and stability of the newly created SuperSpectra, we chose the remaining 50 isolates (25 isolates of VIM-type and 25 isolates of SPM-type) as the validation strains, which were well identified by MBL gene sequencing. All the validation strains were cultured on sheep blood agar and incubated at 37°C for 24 h, and each MALDI-TOF MS spectrum was first compared with the SuperSpectra in the Saramis database provided by the manufacturer. When a Figure 1 UPGMA clustering of mass spectra of the established strains (VIM-and SPM-type MBL-producing P. aeruginosa). The VIM-and SPM-type MBL-PA isolates collected from Daping Hospital were identified as two cluster groups by the VITEK MS plus System, which means that there were some different peaks for each subspecies.
spectrum matched the SuperSpectra, a confidence value for the best match was given. When no match with the SuperSpectra was observed at a confidence value of at least 75%, the spectrum of the tested isolate was compared with reference spectra in the database. Identification was valid when the confidence value was higher than 75% when compared with the SuperSpectra and higher than 40% when compared with a reference spectrum, as defined by the manufacturer (Saramis Premium User Manual, VITEK MS plus; bioMerieux).
Results
Bacterial identity
A total of 80 MBL-PA isolates were collected from clinical microbiology laboratories of Daping Hospital. Complete antimicrobial susceptibility testing was performed for all isolates, and the results showed that all strains were resistant to imipenem. Subsequently, all the VIM-and SPM-type MBL-PA strains were correctly identified by MBL gene sequencing analysis.
MALDI-TOF MS
MALDI-TOF MS characterization of bacteria is based on differences in the mass-to-charge ratio (m/z) fingerprints of the microorganisms' proteins, primarily ribosomal proteins, that are most abundantly expressed under all growth conditions. Fifteen VIM-type MBL-PA isolates and fifteen SPM-type MBL-PA isolates were selected as strains to establish SuperSpectra, which was performed via MALDI-TOF MS. Comparing the spectra of each subspecies, 17 overlapping masses and 39 specific masses for VIM-and SPM-type MBL-PA were observed. Peak profiles of the spectra for VIM-and SPM-type MBL-PA were obtained by the VITEK MS plus system and were analyzed with the RUO Saramis Knowledge Base.
Next, all the isolates were grown on sheep blood agar and incubated in a 5% CO2 atmosphere at 37°C for 24 h, and eight MALDI-TOF MS repeat tests were subsequently performed, giving a total of 120 spectra for VIM-type MBL-PA and 120 spectra for SPM-type MBL-PA. All the spectra were added to the Saramis database as reference spectra. For each subspecies, we selected the specific masses and weighted them by checking the weight table to create the SuperSpectra. Finally, a total of 50 validation strains were tested using the new SuperSpectra implemented in the Saramis database. The characteristics of the isolates are presented in Table 1 . The validation results showed that a total of 25 VIM-type MBL-PA isolates were correctly identified. Only four SPM-type MBL-PA isolates were incorrectly identified as VIM-type MBL-PA isolates, which gave conflicting results in repeat testing by the VITEK MS plus system. Altogether, 100% of the VIM-type MBL-PA isolates were correctly identified by the VITEK MS plus system. Eightyfour percent (21 of 25) of the SPM-type MBL-PA isolates were identified using the SuperSpectra, and there was 92% agreement between the MBL profile generated by MALDI TOF MS and that obtained using gene sequencing analysis methods. The SuperSpectra evaluation results are summarized in Table 2 . All QC results were within the designated acceptable range, and all the isolates underwent repeat testing using the validation strains.
Discussion
Traditional molecular epidemiology analyses are unable to control the rapid spread of nosocomial infections caused by pathogenic bacteria. 13, 14 Therefore, there is an urgent need to develop a new method for typing pathogenic bacteria. As an emerging proteomic tool for microbial identification, MALDI-TOF MS is superior to other methods in saving time and reducing cost. Previous reports showed a greater than 99% accuracy in P. aeruginosa species-level identification, although it remains difficult to distinguish closely related subspecies using this method. 10, 15, 16 The purpose of this study was to assess the accuracy of MALDI-TOF MS in identifying MBL-PA at the subspecies level. In this study, 30 MBL-PA isolates were selected to establish SuperSpectra after being identified as VIM-or SPM-type MBL-PA using the RUO Saramis Knowledge Base database. In addition, this study is the first to use a mass exclusion list to create the SuperSpectra for detecting bacterial subspecies. We further developed a MALDI-TOF MS protocol and performed a multisite study of the SuperSpectra using the validation strains described in Table 2 . Overall, the identification results obtained by the VITEK MS plus system were consistent with those obtained by MBL gene sequencing. However, it should be noted that there are four SPM-type MBL-PA isolates which were incorrectly identified in the experiment, which may be due to changes at genome levels or phenotype levels. In addition, the results obtained using the SuperSpectra for the SPM-type MBL-PA isolates varied from set to set and were not reproducible. This irreproducibility potentially occurred as a function of horizontal gene transfer and genetic background differences that influence the evolution of SPM-type MBL-PA isolates. [17] [18] [19] Based on these findings, MALDI-TOF MS shows great promise for correctly identifying MBL-PA subspecies. The VITEK MS plus is currently available worldwide and is currently used in our laboratory. Manual calibration is an important step before using the RUO application for bacterial identification. 16, 20, 21 If the calibration is not congruent, the spectra obtained by the MALDI-TOF MS can be of lower quality, resulting in a wrong interpretation. 22, 23 We validated our databases by combining the results of ten replicates, which demonstrated that the calibration was congruent. Our databases allowed us to correctly identify all the isolates at the species level, and the SuperSpectra that we created had different sensitivities and specificities. This result suggested that a suitable means of improving MBL-PA subspecies identification using the VITEK MS plus is needed without changing the protocol used. 16, 24 Due to the small sample size of MBL-PA genotypes, such as bla IMP , bla SIM , bla GIM and bla NDM , we have not established any other SuperSpectra, nor have we validated the other genotypes of MBL-PA isolates. In future studies, we will expand our analysis of genotypes of the strains used to establish SuperSpectra and use them to detect of other subspecies.
A primary limitation of this study is that the databases we developed are only applicable in research mode (Saramis) and may not be transposed to the IVD database. 20, 24 Indeed, the two databases use different algorithms: the Saramis database identifies isolates from SuperSpectra created with inserted reference spectra, while the IVD database identifies isolates after assigning scores according to the number of peaks in a segment of the diagram. Consequently, our results require further improvement to allow the spectra to be integrated into the IVD database. 25 Conclusion MALDI-TOF MS is a promising, rapid and economical method for detecting VIM-and SPM-type MBL-PA that can be successfully introduced into the routine diagnostic workflow of clinical microbiology laboratories. Our study validates the potential ease and accuracy with which MALDI-TOF MS can be incorporated into the IVD system for identifying subspecies of pathogens. MBL-PA Table 2 Results of validation of VITEK MS plus system in identification of VIM-and SPM-type MBL-producing P. aeruginosa isolates using the two SuperSpectra Note: The validation results showed that all the VIM-type MBL-PA isolates were correctly identified, just four SPM-type MBL-PA isolates were incorrectly identified as VIMtype MBL-PA isolates which got conflicting results in repeat testing by VITEK MS plus system.
identification by MALDI-TOF MS using our databases is a good alternative to molecular biology methods. In addition, the creation and use of SuperSpectra with the VITEK MS plus system potentially provides an efficient on-site method to monitor the spread of antibiotic-resistant bacteria and rapidly detect outbreaks.
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